We report the existence of a high-temperature magnetic anomaly in the three-dimensional Kitaev candidate material, β-Li 2 IrO 3 . Signatures of the anomaly appear in magnetization, heat capacity, and muon spin relaxation measurements. The onset coincides with a reordering of the principal axes of magnetization, which is thought to be connected to the onset of Kitaev-like correlations in the system. The anomaly also shows magnetic hysteresis with a spatially anisotropic magnitude that follows the spin-anisotropic exchange anisotropy of the underlying Kitaev Hamiltonian. We discuss possible scenarios for a bulk and impurity origin.
I. INTRODUCTION
Since Khaliullin and Jackeli [1, 2] first pointed out that Kitaev's frustrated compass model [3] on a honeycomb lattice could be realized in 4d and 5d transition metal systems with octahedral coordination, such materials have become one of the most promising routes to experimentally realizing a quantum spin liquid. The ground state itself, first described by Kitaev [3] , is characterized by the long range order of flux degrees of freedom, emerging from the fractionalization of the local spins into Majorana excitations. The ideal Kitaev model couples orthogonal directions of spin along the three different bond directions,
where γ = x, y, z specify the three compass directions of the Kitaev exchange, K. Importantly, in the β-Li 2 IrO 3 and γ -Li 2 IrO 3 materials, one of these Kitaev axes is exactly parallel to the crystallographic b axis. Although some low-temperature signatures of novel excitations have been reported [4] , the magnetic order present in all candidate materials dominate most of their properties (zigzag order in the case of α-RuCl 3 and α-Na 2 IrO 3 , and incommensurate order in α, β, γ -Li 2 IrO 3 species) [5] [6] [7] [8] [9] [10] . However, many recent studies have found high-temperature signatures of these exotic states or proximity thereto. For example, recent spectroscopic and thermodynamic studies of α-RuCl 3 [11] [12] [13] [14] [15] [16] [17] have reported evidence for the onset of nearest-neighbor Kitaev correlations, consistent with a proposal by Motome and coauthors of a thermal crossover from a paramagnet to a spin-"fractionalized" state [18] [19] [20] . Similar studies have extended these conclusions to α, β, γ -Li 2 IrO 3 and α-Na 2 IrO 3 systems [21] [22] [23] . In the case of the βand γ -Li 2 IrO 3 systems this temperature range is also associated with strong deviations from Curie-Weiss susceptibility, and a dramatic reordering of the principal axes of magnetization [24] .
The nature of the ground state at these elevated temperatures is therefore of considerable interest [18] [19] [20] [21] [22] [23] . However, due to the small size of the samples, relatively few studies have explored the three-dimensional β-Li 2 IrO 3 materials in this temperature range. In this work, we focus on the magnetic and thermal properties of β-Li 2 IrO 3 , and reveal the presence of a weak magnetic anomaly at ∼100 K. The transition is associated with the ferromagneticlike ordering of a small moment, whose anisotropy closely follows the Kitaev principal axes. We discuss various scenarios of bulk and impurity origin.
II. EXPERIMENTAL RESULTS
Single crystals of β-Li 2 IrO 3 were synthesized using standard techniques described in the Supplemental Material [25] (SM, Sec. S1). The three-dimensional nature of β-Li 2 IrO 3 is realized in the hyperhoneycomb arrangement of the Ir atoms shown in Fig. 1(a) , while the low-field anisotropic magnetic susceptibility is shown in Fig. 1(b) . In Fig. 1(c) , we contrast the inverse b-axis susceptibility measured at 1 T and 0.1 T to show that, above 100 K, the magnetization is truly field independent with an effective spin J = 1 /2, which can be completely understood as paramagnetic spins coupled to their orbital environment (see SM, Sec. S2A for details). Below T I = 38 K, the system orders into an incommensurate state with noncoplanar and counter-rotating spins [8, 9] . At ∼100 K FIG. 1. (a) Three-dimensional structure of β-Li 2 IrO 3 , where the red, green, and blue colors correspond to orthogonal compass directions of the Kitaev model. The two triangles, situated 70 • apart, show the possible environments for a magnetic ion in β-Li 2 IrO 3 , and determine the g-factor anisotropy. Also shown is a site vacancy which can trap flux excitations in a Kitaev spin liquid, creating a large local moment. (b) The anisotropic magnetic susceptibility of β-Li 2 IrO 3 for an applied magnetic field of 0.1 T. At T I = 38 K, the system transitions into an incommensurate spiral state with noncoplanar, counter-rotating moments. When a small magnetic field is applied (H < 0.5 T), a magnetic anomaly is also observed at 100 K. Inset shows inverse susceptibility, clearly showing a reordering of the principal axes of susceptibility at ∼100 K. (c) Comparison of the inverseb-axis susceptibility for 1.0 T and 0.1 T. The low-field data shows two distinct behaviors: a linear response above 100 K and a strong deviation from Curie-Weiss behavior 100 > T > 40 K. the principal axes of the magnetization reorder due to the presence of strong Kitaev-like correlations [24] [ Fig. 1(b) , inset], such that the b axis becomes dominant. Our data shows that this reordering occurs due to the presence of a magnetic anomaly at T η , which can only be observed using low applied magnetic fields. The smearing of this transition at higher fields [ Fig. 1 (c)] is likely why it has remained hidden in previous measurements (see SM, Sec. S2-S3) [24, [26] [27] [28] . As the field decreases, this transition becomes apparent, as seen in the comparison data shown in Fig. 1(c) . The magnetic signal is extremely reproducible between different samples and batches (see also Supplemental Material [25] , SM Fig. 6 ), and independent of the synthesis environment (crucible material or source of starting elements), and sample volume (see SM, Sec. S5). In addition, we find no evidence of competing crystalline phases in single crystal x-ray diffraction measurements (see SM, Sec. S1 for details). Similar results were also observed in γ -Li 2 IrO 3 , as described in SM, Sec. S2. This suggests an impurity phase is extremely unlikely as an origin of this magnetic anomaly. Notably, the transition temperature is conspicuously close to the temperature window under intense study in the 2D Kitaev candidate systems, where there is thought to be evidence of emergent, fractional excitations [21] [22] [23] .
Figures 2(a)-2(c) show the field-dependent magnetization below T η along three crystallographic directions, illustrating clear hysteresis behavior, and a coercive field that increases with decreasing temperature [in our case we parametrize this with the anisotropy field H a , whose temperature dependence is shown in Fig. 3(d) ]. The insets in Fig. 2 show the hysteresis curve after a linear background was subtracted, determined from the high field susceptibility in Fig. 1(c) .
The spatial dependence of the anisotropy field H a is independent of crystallographic direction, which is very surprising given the anisotropic nature of the crystal structure and magnetism. In contrast, the (background subtracted) saturation moment M s appears to vary by a factor of ∼10, mirroring the anisotropy of the susceptibility, which is thought to originate from the presence of Kitaev correlations [24, 29] . We note that, while this background subtraction makes the precise determination of the saturation moment difficult, the hysteresis loops in any direction rise with approximately the same gradient, suggesting they approach saturation with the same functional form. Therefore, independent of the background subtraction, this implies M s must be strongly spatially anisotropic. In typical magnetically ordered systems, or even in spin glasses, the behavior is usually the other way around, where the saturation moment is isotropic (since it is related to the local moment), while the coercive field is anisotropic (since it is related to the anisotropy of the free energy and/or structural anisotropies of domain boundaries) [30] . The spatial anisotropy of M s suggests a strong orbital component to the magnetic species that freezes/orders at T η . Figure 3 shows the angular dependence of the magnetic torque of β-Li 2 IrO 3 at fixed fields and temperatures, respectively. Figure 3 into the incommensurate phase marked by H * . On the other hand, H a terminates at the zero temperature at H a (0) ∼ H * (0) within experimental error, suggesting the incommensurate and magnetic anomaly might share a common energy scale [ Fig. 4(d) ]; the field required to polarize the high-temperature magnetic anomaly is the same as that required to flip the incommensurate phase into the field induced zigzag phase (FIZZ).
In Fig. 4(a) , we show the zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves using 0.1 T (inset), and their difference (main figure) . The latter shows the natural form expected of a magnetic order parameter growing below T η . Figure 4 (b) shows the relaxation (DC) heat capacity measurements on powder of β-Li 2 IrO 3 as well as on powder of a nonmagnetic analog. β-Li 2 PtO 3 was synthesized by a similar procedure as stated above for β-Li 2 IrO 3 but with starting reagents Pt and Li 2 CO 3 [31] . The inset in Fig. 4 
(b)
shows that no clear phase transition is observed in the region of interest around T η . However, C p /T vs T clearly shows that the total heat capacity of these two materials starts to differ below ∼T η . Above 100 K, where the signal is dominated by phonons, the heat capacity of β-Li 2 IrO 3 and β-Li 2 PtO 3 are nearly indistinguishable. Therefore, the magnetic contribution can be isolated by subtracting the nonmagnetic background from β-Li 2 PtO 3 . Figure 4 in broad agreement with the results presented in Ref. [21] for α-Li 2 IrO 3 (although the paper cites the value 1/2 R ln 2, close examination of the vertical axes shows that it is actually closer to 1/4-1/3). A maximum in C/T is also observed around 140 K, which is at odds with the findings in Ref. [21] but agrees with the most recent data in Ref. [28] . The weak magnetic anomaly at T η freezes a very small fraction of the degrees of freedom, consistent with the smallness of the frozen/ordered moment itself.
Muon spin relaxation (μSR) measurements were performed on the same powder sample as the above heat capacity (crystallographic information on SM, Sec. S1). Our measurements confirm that this feature in the magnetization and heat capacity data is intrinsic to β-Li 2 IrO 3 . As seen in Fig. 5(a) , our μSR results show a clear increase in the zero-field (ZF) relaxation rate at 100 K, precisely the same temperature at which the magnetization and heat capacity features were observed. A model-independent comparison of the asymmetry spectra reveals that the change in relaxation begins at 100 K and grows like an order parameter [ Fig. 5(b) ], which is confirmed by fitting a model and extracting the temperature-dependent relaxation rate [ Fig. 5(c) ]. Further details are given in the SM, Sec. S6 and Refs. [32] [33] [34] therein. The relaxation can be fully decoupled with a very modest longitudinal field of 50 G, indicating the development of weak, static magnetism in β-Li 2 IrO 3 below 100 K. We note that this type of magnetism is completely different from the long-range magnetically ordered state below ∼38 K in this system, which manifests in the μSR data as rapid oscillations and damping in the earlytime portion of the asymmetry spectra [35] [36] [37] . The μSR results are consistent with magnetization and heat capacity data which show the presence of a magnetic anomaly at T η .
The μSR data suggests an impurity origin of the magnetic anomaly (like the presence of intergrowths) is unlikely, since all or nearly all of the muons experience a change below T η . However, dynamics associated with Li disorder could also be a possible origin for the anomaly at T η . In principle, the line shape of the asymmetry data, which is strongly Gaussian, can be used to distinguish this possibility. In some systems, such disorder has been shown to lead to exponential line shapes [38] , though other materials have associated Gaussian shapes with such Li dynamics [38] [39] [40] . As pointed out by a helpful referee, our data cannot rule out Li dynamics as a possible source of the magnetic anomaly. However, it is difficult to understand why this anomaly would coincide in temperature with the reordering of the principal axes of magnetization of the Ir lattice [ Fig. 1(b) ], nor why it would be affected by Ru substitution, as described below [ Fig. 5(d) ]. In addition, ordering of dilute magnetic impurities (which can lead to ferromagnetic transitions in magnetic semiconductors) can be excluded since these lead to dramatic changes in the asymmetry data below the transition temperature, whereas we see a relatively small increase in the muon relaxation rate below T η [see Fig. 5 (a)] [41] [42] [43] . Finally, the high reproducibility of the amplitude of the transition in the magnetization would argue against these extrinsic scenarios (see Supplemental Material [25] , Fig. 6 ).
The role of disorder is nevertheless a very interesting one, and to investigate this a little further, we introduce disorder via ruthenium substitution. Ru-doped Li 2 IrO 3 was synthesized in two stages. First, a powder of Li 2 RuO 3 was synthesized by mixing powders of Li 2 CO 3 and Ru with excess Li 2 CO 3 (1.05:1). The powder was ground and pressed into a pellet and placed into an alumina crucible. The pellet heated in air for 84 h at 1010 • C with slow cooling time. After, the Li 2 RuO 3 powder was ground with stoichiometric ratios for desired ruthenium content, again with excess lithium. The powder was again ground and pelletized, and heated in air for 24 h at 1050 • C with slow cooling time. Single crystals were extracted from the powder. In Fig. 5(d) we illustrate the field-cooled and zero-field-cooled magnetization curves for various amounts of Ru substituted materials. It is immediately clear that the incommensurate transition at T I is suppressed, broadening into a broad crossover. This broadening leads to a hump in the magnetization, which grows systematically with Ru substitution. Such features are common in disordered magnets and often indicate the formation of a spin glass at low temperature [44, 45] . The magnetic anomaly at 100 K is similarly suppressed, indicating that it is strongest in our cleanest materials. In addition, since Ru likely goes on the Ir site, the observed suppression may suggest the moment arises from the Ir sublattice.
III. DISCUSSION
The thermodynamic and spectroscopic evidence unambiguously establishes the existence of a high-temperature magnetic anomaly in β-Li 2 IrO 3 ; there exists a sharp signature in the magnetic susceptibility and a crossover in the heat capacity, while the μSR data shows that the magnetic moment is static and exists throughout the volume of the sample. Below the incommensurate phase which onsets at T I = 38 K, the signatures of the magnetic anomaly persist. Strikingly, the anisotropy field H a penetrates the incommensurate phase boundary in both field and temperature with complete impunity, suggesting they are independent [see Fig. 3(c) ].
The existence of competing phases is widely known in these materials. In β-Li 2 IrO 3 , for example, it is known that a zigzag phase is close in energy and can be induced with the application of relatively small fields [27, 46, 47] . However, the μSR data unambiguously rules this out, as the presence of such a phase would lead to oscillations in the muon relaxation. Another possibility is a valence-bond transition, similar to that seen under pressure in α-RuCl 3 [48] or β-Li 2 IrO 3 [49] [50] [51] [52] . However, the spin dimerization has an associated structural distortion that leads to strong hysteresis on warming and cooling, and this is absent in the current data. The μSR data is more consistent with a disordered magnet, like a spin glass. To explain our data, the moment of the disordered species would have to be extremely weak as, according to our fits, the local field is of the order of a few gauss (by contrast the local field in Na 2 IrO 3 is an order of magnitude larger [35] ). Even supposing that the true moment is somehow screened from the muons (which itself would require an exotic explanation given the absence of itinerant electrons to Kondo screen), the smallness of the induced moment in our magnetic measurements would suggest a highly dilute magnetic species. This, however, is difficult to reconcile with the high transition temperature, the sample-to-sample reproducibility, and the heat capacity anomaly, all of which are rare in typical examples of dilute spin glasses [53] . Moreover, the absence of relaxation effects, magnetic and thermal memory effects, and exchange bias is inconsistent with a spin glass scenario. On the other hand, as discussed above, Li dynamics could onset at higher temperatures and lead to a magnetic signature and, although it is unclear why this would onset at exactly the same temperature where the principal axes of magnetization reorder, nor why it has the same anisotropy, we cannot rule out this possibility.
Moreover, the basic characteristics of the magnetic anomaly at T η are inconsistent with a dilute magnetic semiconductor scenario, in which magnetic defects order ferromagnetically. The onset at 100 K is much higher than the known ordering at T I = 38 K. In particular, β-Li 2 IrO 3 is a Mott insulator with a local moment on every Ir site, as evident from 1/T Curie-Weiss dependence and from the well studied spiral magnetic order, unlike a semiconductor. This is a crucial difference; magnetic dopant ions can be present here, and they can magnetize the local moment, but it seems highly unlikely that they give a ferromagnetic signature at temperatures much higher than the intrinsic large-moment magnetic order T I .
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Nevertheless, there are other clues in the properties of this high-temperature phase that point to its origins. The saturation moment M s , for example, is strongly anisotropic (Fig. 2 ). This conclusion can be seen to be independent of the background subtraction, since if M s was isotropic the hysteresis loops along each crystallographic direction would not be the same shape. Moreover, the isotropy of the hysteresis, parametrized by the field H a (i) (i ∈ a, b, c) , illustrates that the hysteresis does not come from domain formation (which would be influenced by the orthorhombic structure), but from the anisotropy in the free energy itself. This can be seen by the following argument. In uniaxial ferromagnets, the anisotropy field is given by the ratio of the anisotropic free energy K a and the saturation moment M s , so that the observation of an isotropic H a (i) ∼ K a (i)/M s (i) suggests M s (i) follows the free energy anisotropy. From this we can make two conclusions. First, the smallness of the M s and its spatial anisotropy strongly suggest an orbital origin. Secondly, this anisotropy exactly follows the magnetic principal axes and not the structural anisotropy of the orthorhombic crystal. Notably M s picks out the Kitaev b axis as the dominant direction, just like the incommensurate phase. The magnetic species at T η inherits signatures of Kitaev spin-spin correlations in the anisotropy of its energy landscape, but at the same time ordering a moment with a strongly orbital character, not of the local magnetic (Ir) ions.
Reconciling the dual character of this magnetic anomaly will require extensive future studies, but we speculate as to some possible scenarios here. For example, recent theoretical studies of Jahn-Teller distortions in related systems have shown the possible emergence of spin-nematic degrees of freedom. These could give rise to an emergent magnetic species that orders at relatively high temperatures [54] , and couple together spin and orbital interactions, leading to nematic order with possibly the signatures we observe. However, we have performed structural refinements above and below T η and found no significant changes in the positions of any atomic species, suggesting weak Jahn-Teller effects (see SM S1). Another possibility is the scalar chiral spin order recently suggested as an explanation for the sawtooth torque anomaly observed in RuCl 3 and γ -Li 2 IrO 3 [55] . We note that the anomalous torque onsets at exactly 100 K, and extends into the incommensurate state. However, other studies have suggested that such anomalies can be understood by a field-dependent response with an anisotropic g factor [56] . The association of a phase transition with the onset of the torque anomaly, reported here, should assist in distinguishing these scenarios.
Finally, we comment on an interesting possibility that might be a middle ground between these different scenarios. Recent theoretical studies of site dilution in Kitaev spin liquids have revealed that vacancies form an emergent magnetic species [57, 58] [Fig. 1(a) ]. In this picture, the local fractionalization of spin degrees of freedom form moments in threedimensional systems that interact via the spin liquid [57] . This may look like a disordered phase in a muon experiment, since there is no long range order of a local moment. However, such a phase could show a true thermal phase transition as the spin degrees of freedom fractionalize to form the medium through which these moments interact [18] . We note that Raman spectroscopy in β-Li 2 IrO 3 has reported the presence of fermionic excitations at finite energy (presumably arising from spin fractionalization), but not of a phase transition [22] . On the other hand, evidence for such fractionalization in this temperature range has been reported in α-RuCl 3 and α-Li 2 IrO 3 [11] [12] [13] [14] [15] [16] [17] 59] . The fact that this appears as a crossover in the α-type structures and a phase transition in β, γ -type structures may simply reflect the different dimensionality of the materials.
IV. CONCLUSION
In β, γ −Li 2 IrO 3 , it is known that the magnetic principle axes reorder at ∼100 K [24, 27, 28] . At high temperatures, the magnetism follows the structural anisotropy, whereas at low temperature, it is determined by the spin-spin correlations, likely of the Kitaev type [29, 60] (see also an extended discussion in SM, Sec. S2). Here we have shown that this reordering is actually accompanied by a bulk, intrinsic phase transition that is only visible at low fields (H < 0.5 T), perhaps explaining why it has been overseen in previous measurements of this compound. The identity of this phase is unlikely to be one of the nearby ordered states known in the phase diagram of these systems, nor do its properties appear consistent with disordered phases like a typical spin glass. Rather, the observation of an anisotropic saturation moment that follows the Kitaev principal axes could arise if the ordered moment had an orbital origin that is tied to the spin-spin correlations of the Kitaev system. In this sense, the order at T η involves the ordering of a spin-orbital magnetic species. Given the intrinsic nature of the magnetic anomaly, we expect similar subtle states to appear in related materials, which should be observable given sufficiently careful experiments in this temperature range.
